Multiple observations of methanimine (CH 2 NH) and methyl amine (CH 3 NH 2 ) have been performed toward Sgr B2(N) at 1, 2, and 3 mm using the Submillimeter Telescope and the 12 m antenna of the Arizona Radio Observatory. In the frequency range 68-280 GHz, 23 transitions of CH 2 NH and 170 lines of CH 3 NH 2 have been observed as individual, distinguishable features, although some are partially blended with other lines. For CH 2 NH, the line profiles indicate V LSR = 64.2 ± 1.4 km s −1 and ΔV 1/2 = 13.8 ± 2.8 km s −1 , while V LSR = 63.7 ± 1.6 km s
INTRODUCTION
Ion-molecule reactions are the dominant gas-phase processes in the interstellar medium (ISM; Herbst & Klemperer 1973; Woodall et al. 2007 ). Synthetic schemes in chemical models including these reactions have been able to reproduce observed abundances of many species to within a factor of five (Millar et al. 1997) . However, the abundances of certain molecules, such as methanol (CH 3 OH), have proven harder to replicate with purely gas-phase reactions (Woodall et al. 2007) . As a consequence, gas-grain models have been developed where the surfaces of interstellar grains are the sites of chemical reactions (Tielens & Hagen 1982; Tielens & Charnley 1997; Garrod et al. 2007) . Hydrogenation reactions are predicted to dominate the chemistry on grains (Tielens & Charnley 1997; Theulé et al. 2011) , as H atoms are mobile on these surfaces at ∼10-20 K (Tielens & Hagen 1982; Fuchs et al. 2009 ). In fact, it is postulated that methanol is predominantly produced on grains via hydrogenation of CO, through a series of steps that proceed through HCO, H 2 CO, and CH 2 OH (Garrod et al. 2007 ). This mechanism has been proven experimentally to efficiently produce methanol in CO ices (e.g., Fuchs et al. 2009 ). In the experiment, however, H 2 CO was the only intermediate observed on the ice, while the radical species HCO and CH 2 OH were not detected.
Another series of hydrogenation reactions that could occur on grain surfaces produces methyl amine (CH 3 NH 2 ). This process begins with HCN and proceeds as follows (Theulé et al. 2011 (1) CH 2 N and CH 2 NH 2 are radical species (Yamamoto & Saito 1992) and are expected to be short-lived intermediates in this scheme. The intermediate methanimine (CH 2 NH), in contrast, is a stable molecule, and upon saturation yields the end-product CH 3 NH 2 .
Both CH 2 NH and CH 3 NH 2 have been observed as gas-phase interstellar molecules. CH 2 NH was first identified by Godfrey et al. in 1973 in Sgr B2(OH) and subsequently observed by Turner (1989) in this source, and by Sutton et al. (1991) toward Sgr B2(M). Nummelin et al. (1998) also detected this molecule in Sgr B2(N), (M), and (NW). Jones et al. (2008 Jones et al. ( , 2011 have additionally mapped the distribution of CH 2 NH at 3 mm and 7 mm using the MOPRA telescope, and found that it was extended from Sgr B2(N) to Sgr B2(S), with an emission peak near Sgr B2(N). CH 2 NH has also been observed in the molecular clouds L183 (Turner et al. 1999) , Orion-KL (Dickens et al. 1997; White et al. 2003) , W51, Ori 3N, G34.3+0.15 (Dickens et al. 1997) , and G19.61−0.23 (Qin et al. 2010) . Recently, Tenenbaum et al. (2010) identified this species in the circumstellar envelope of IRC+10216, as well, and it has also been observed in the starburst galaxy Arp 220 (Salter et al. 2008) . Additionally, there is some indication that CH 2 NH is present in Titan's atmosphere (Vuitton et al. 2007) . CH 3 NH 2 was first observed by Kaifu et al. (1974 Kaifu et al. ( , 1975 toward Sgr B2(OH). Fourikis et al. (1974) also detected this species in the southern region of Sgr B2 and Fourikis et al. (1977) later found deuterated methyl amine (CH 3 NHD) at that position, as well. Later surveys conducted by Turner (1989) toward Sgr B2(OH) and Nummelin et al. (1998) in Sgr B2(N) also found spectral lines of CH 3 NH 2 .
One interest in both CH 2 NH and CH 3 NH 2 is that they are thought to be potential interstellar precursors to the amino acid glycine, NH 2 CH 2 COOH (Godfrey et al. 1973; Fourikis et al. 1974; Aylward & Bofinger 2001; Bossa et al. 2009; Lee et al. 2009 ; Theulé et al. 2011; Danger et al. 2011) . For example, the reaction of CH 3 NH 2 with CO 2 in water ice has been shown to yield NH 2 CH 2 COOH after UV irradiation (Bossa et al. 2009; Lee et al. 2009 ). In addition, Godfrey et al. (1973) suggested that CH 2 NH could react with HCOOH to form NH 2 CH 2 COOH. However, NH 2 CH 2 COOH has not been securely identified in the ISM (Snyder et al. 2005) .
We have conducted a spectral survey of Sgr B2(N) across the complete 1, 2, and 3 mm atmospheric windows (D. T. Halfen et al., in preparation) . Multiple favorable transitions of both CH 2 NH and CH 3 NH 2 were detected in the course of this survey, prompting further study of their chemical formation routes. Here we present our measurements of both molecules, the analysis of the spectra, and abundance determinations, as well as discuss the implications of these observations for hydrogenation reactions in the ISM, in particular the scheme given in Equation (1).
SPECTROSCOPY OF METHANIMINE AND METHYL AMINE
Methanimine (CH 2 NH) is a planar asymmetric top, and the simplest molecule with a carbon-nitrogen double bond. The spectrum consists of both a-and b-type transitions because of large a and b dipole moments of μ a = 1.340 D and μ b = 1.446 D (Allegrini et al. 1979) . The rotational spectrum of this molecule was first recorded by Johnson & Lovas (1972) , who measured transitions in the 60-123 GHz range, including 14 N hyperfine splittings. Dore et al. (2010 Dore et al. ( , 2012 extended these measurements up to 629 GHz, and observed transitions involving ΔJ = 0, ±1, for energy levels up to J = 36 and K a = 9.
Methyl amine (CH 3 NH 2 ) is an asymmetric top molecule with two large-amplitude motions: a methyl group torsion and an inversion of the amine hydrogens. As a result, the symmetry of the molecule is characterized by the G 12 permutation-inversion group . The spectrum of CH 3 NH 2 has been investigated since 1947 (Hershberger & Turkevich 1947) , with multiple studies performed in the 1950s (e.g., Kivelson & Lide 1957; Nishikawa 1957 ) and 1970s (e.g., Takagi & Kojima 1973 . Various approaches have been used to assign and fit the data, which give a range for the barrier to inversion from 1686 to 2081 cm −1 . The most successful method was developed by , based on a grouptheoretical formalism, where the spectra are assigned using an inversion-internal-rotation-rotation-Hamiltonian (Ilyushin et al. 2005) . In this scheme, the allowed transitions are labeled with the A 1 , A 2 , B 1 , B 2 , E 1 ± 1 , and E 2 ± 1 torsion-inversionrotation irreducible representations Γ (Ilyushin & Lovas 2007) , and the selection rules are
, and E 2±1 ↔ E 2±1 . The dipole moments for CH 3 NH 2 are μ a = −0.307 D and μ c = 1.258 D Takagi & Kojima 1971) . The symmetry levels have nuclear spin-statistical weights of 1 for the A 1 , A 2 , and E 2 states and 3 for the B 1 , B 2 , and E 1 components. Many experimental studies have been conducted of CH 3 NH 2 , as summarized by , and more recently by Ilyushin et al. (2005) , such that the data now encompass the 3-461 GHz range and from 40 to 350 cm −1 in the far-infrared region. The microwave studies encompass transitions for J = 0-30 and K a = 0-9 for all symmetry components.
OBSERVATIONS
The spectra of CH 2 NH and CH 3 NH 2 observed here are part of a complete spectral-line survey of the 1, 2, and 3 mm windows toward Sgr B2(N). The data were recorded during the period 2002 September to 2012 June using the Arizona Radio Observatory (ARO) 12 m telescope on Kitt Peak and the Submillimeter Telescope (SMT) on Mount Graham. 3 At the 12 m, the receivers employed were dual-polarization, SIS mixers covering the 3 and 2 mm bands . The single-sideband mixers were tuned with rejection of the image sideband of typically 18 dB. Data were also obtained with a new dual-channel receiver using ALMA Band 3 (83-116 GHz) sideband-separating (SBS) mixers. With these devices, the image rejection was usually 16 dB, attained within the mixer architecture. The temperature scale was determined by the chopper wheel method, corrected for forward spillover losses, and is given as T R * . The radiation temperature T R , assuming the source fills only the main beam, is T R = T R * /η c , where η c is the main beam efficiency corrected for forward spillover losses. The spectrometer backend utilized for the measurements was an autocorrelator (MAC) with either 390 kHz or 781 kHz resolution, and a bandwidth of 600 MHz channel −1 . The spectra were smoothed using a cubic spline routine to a 1 MHz resolution.
At the SMT, observations in the frequency range 210-280 GHz (1 mm) were taken with a dual-polarization receiver, which uses ALMA Band 6 SBS mixers with rejection of at least 16 dB of the image sideband. The temperature scale was determined by the chopper wheel method, and is given as T A * . The radiation temperature T R is T R = T A * /η b , where η b is the main beam efficiency. A 2048 channel filter bank with 1 MHz resolution was utilized as the spectrometer backend, running in parallel mode (2 × 1024).
The beam size ranged from 87 to 37 at the 12 m and 36 to 23 at the SMT; see Nummelin et al. (1998) , Sutton et al. (1991) , Kaifu et al. (1974 Kaifu et al. ( , 1975 , Turner (1989) , and Fourikis et al. (1974 Fourikis et al. ( , 1977 detections are indicated on the figure with an N, S, K, T, and F, while this work is labeled with an H. Godfrey et al. (1973) did not report observing coordinates, but it is assumed that they centered their 3.8 beam on Sgr B2(OH). As the figure shows, multiple observations of CH 3 NH 2 have been performed across Notes. a T R * and η c pertain to frequencies <172 GHz (12 m data), and T A * and η b apply to frequencies >210 GHz (SMT observations). b Transition frequency measured in laboratory (e.g., Dore et al. 2010 ); higher frequency lines (ν > 329 GHz) recorded by Dore et al. (2012) .
the Sgr B2 region. These measurements indicate that this species is present throughout the complex, from the N position to at least 1 arcmin south of Sgr B2(S), and not confined to just one hot core, such as Sgr B2(N). Past detections of CH 2 NH at the N, NW, M, and OH positions indicate that the distribution of this species is also extended across the Sgr B2 cloud (see Figure 1) . Table 1 summarizes the data for CH 2 NH. The table lists the quantum numbers, rest frequencies, telescope parameters, upper state energy (E u ), and the product of the square of the dipole moment μ with the line strength (μ 2 S) for this molecule. Twenty-three out of 109 measured (or predicted) rotational transitions (μ 2 S > 1.2 D 2 and E u > 10.8 K) in the 1, 2, and 3 mm survey range were detected as individual, distinguishable features, although six are partially blended. The other 86 lines were completely contaminated by stronger lines in the spectrum, which is a common problem in Sgr B2(N), given the high line density and spectral complexity. All observed lines are consistent with their intrinsic line strength and energy above ground state, with no "missing" transitions, i.e., emission is present at all favorable transitions. Two lines were seen in absorption, as indicated by the negative T R * value. As shown in Table 2 , the data set for CH 2 NH has an almost equal number of a-and b-type transitions covering J = 1-8 and K a = 0-3, and arising from energy levels with E u = 11-123 K (7-85 cm −1 ). Figure 2 shows an energy level diagram for CH 2 NH. All observed transitions are indicated with arrows; absorption (J K a ,K c = 1 10 ← 1 01 and 1 11 ← 0 00 ) and emission features are differentiated by the arrow directions. Also shown in the figure are two transitions (J K a ,K c = 5 14 → 4 13 and 3 13 ← 2 02 ) observed by Sutton et al. (1991) toward Sgr B2(M). Two additional lines (J K a ,K c = 1 11 ← 2 02 and 3 03 → 2 12 ) are displayed in the diagram, as well. These features were observed with the NRAO GBT telescope toward Sgr B2(N) as part of the PRI-MOS survey, with beam size of ∼22 (Remijan et al. 2008 ). Ten of the transitions at 1 mm had been previously reported by Nummelin et al. (1998) , as well as a line at 105.8 GHz, observed by Jones et al. (2011) . The J K a ,K c = 1 11 ← 2 02 line from Remijan et al. (2008) and 3 13 ← 2 02 transition from Sutton et al. (1991) were also seen in absorption. As the diagram illustrates, all transitions of CH 2 NH observed to date toward Sgr B2(N) and (M) with lower-state energies below E l ∼ 10 K have been measured in absorption, while those with E l > 10 K were detected in emission. This result implies a two-source geometry with cooler, foreground gas and warmer, perhaps denser, material behind it. From the energies of the absorbing line source, the foreground gas has T K < 10 K.
Representative spectra of CH 2 NH are shown in Figure 3 . The spectral resolution of the data is 1 MHz, and the transition and rest frequencies are given on each spectrum. The CH 2 NH features are indicated by arrows near V LSR = 62 km s −1 . The J K a ,K c = 4 23 → 5 14 , 4 14 → 3 13 , and 4 13 → 3 12 transitions appear to be single, clean emission lines. In contrast, the J K a ,K c = 1 11 ← 0 00 transition appears in absorption with an apparent second velocity component from gas with an LSR velocity near 80 km s −1 . The data obtained for CH 3 NH 2 are summarized in Table 2 . Here the quantum numbers, rest frequencies, telescope parameters, upper state energy (E u ), and μ 2 S are given. Out of 580 measured (or predicted) transitions (μ 2 S > 0.02 D 2 and E u > 6.1 K) in the current frequency range , 170 were clearly identified in this data set, including both a-and c-type transitions, and are reported in the table. The remaining 410 CH 3 NH 2 transitions are completely blended with or masked by other spectral features, some which have quite strong emission. All lines were checked for Table 2 Observed Rotational Transitions of Methyl Amine in Sgr B2(N) Notes. a T R * and η c pertain to frequencies <172 GHz (12 m data), and T A * and η b apply to frequencies >210 GHz (SMT observations). b Transition frequency measured in laboratory (e.g., Ilyushin & Lovas 2007) ; lines not marked are predicted using the determined spectroscopic constants.
contamination by other species from known spectral-line databases (Lovas 2004; Pickett et al. 1998; Müller et al. 2005 ). There are no missing transitions, i.e., emission is present at all favorable transitions with no internal inconsistencies among the data set. The energy range covered in the identified lines is E u = 6-818 K (4-568 cm −1 ), with J = 0-27 and K a = 0-4 from all symmetry states (A 1 , A 2 , B 1 , B 2 , E 1 , and E 2 ). All of the lines in the range 0-10 K appear in emission, in contrast to CH 2 NH.
An energy level diagram for CH 3 NH 2 is displayed in Figure 4 , showing levels up to 190 K in energy for J = 0-12 and K a = 0-3. The observed transitions are marked with arrows. Thirteen of these lines were also seen by Nummelin et al. (1998) . All of the symmetry components are indicated on the diagram, and collapse into a single level. The energies of the eight symmetry components usually only differ by less than 1 K, except for transitions with J 7 and K a = 1. Here the states begin to noticeably split into two levels (A 2 , B 2 , E 1−1 , and E 2−1 and A 1 , B 1 , E 1+1 , and E 2+1 for even J values, and A 1 , B 1 , E 1−1 , and E 2−1 and A 2 , B 2 , E 1+1 , and E 2+1 for odd J values) with energy differences near 3 K; see Figure 4 .
Representative spectra of CH 3 NH 2 are presented in Figure 5 . Spectral resolution is 1 MHz, and the quantum numbers and rest frequencies are displayed for each transition. The data are ordered in increasing frequency starting with the top panel of Figure 5 (a), where the J Ka Γ = 6 1 E 1−1 → 6 0 E 1−1 transition is displayed. The CH 3 NH 2 features are indicated by arrows on the spectra near V LSR = 62 km s −1 . Additional spectra of both CH 2 NH and CH 3 NH 2 will be presented elsewhere with the entire survey (D. T. Halfen et al., in preparation) .
The individual, distinguishable emission lines for CH 2 NH and CH 3 NH 2 were fit with Gaussian profiles and their line parameters (the intensity in T R * or T A * , the linewidth ΔV 1/2 , and the source velocity V LSR ) were determined, as listed in Tables 1  and 2 , respectively, along with their uncertainties. Line Nummelin et al. (1998) , Sutton et al. (1991) , Kaifu et al. (1974 Kaifu et al. ( , 1975 , Turner (1989 ), and Fourikis et al. (1974 , 1977 , respectively. The current study is shown with bolded solid and dashed circles, and is labeled with H. The data indicate that methanimine appears to be present in a ∼3 × 2 region across the Sgr B2 region, and the distribution of methyl amine covers an area of ∼4 × 2.5 in this complex. parameters for CH 2 NH are V LSR = 64.2 ± 1.4 km s −1 and ΔV 1/2 = 13.8 ± 2.8 km s −1 ; for methyl amine, V LSR = 63.7 ± 1.6 km s −1 and ΔV 1/2 = 15.1 ± 3.0 km s −1 . These values are typical of organic molecules in Sgr B2(N). For example, acetaldehyde (CH 3 CHO), ketene (H 2 CCO), and ethanol (C 2 H 5 OH) have velocities of V LSR = 64, 63, and 62 km s −1 with linewidths of ΔV 1/2 = 13, 11, and 13 km s −1 (Nummelin et al. 1998; D. T. Halfen et al., in preparation) .
DISCUSSION

Column Densities and Abundances for Methanimine and Methyl Amine
The column densities N tot of both CH 2 NH and CH 3 NH 2 were established by using the rotational temperature diagram method, which assumes local thermodynamic equilibrium (LTE) and optically thin emission. Only the warm, emission line component was analyzed by this method for CH 2 NH. The following equation was employed for the analysis (Turner 1991) :
In the expression, ν is the frequency of the transition, μ 0 is the permanent dipole moment, ζ rot is the rotational partition function, S ij is the line strength, E u is the upper state energy, and T R and ΔV 1/2 are the radiation temperature and line widths (in km s −1 ), respectively. A uniform filling factor was assumed. As is evident from the past data and illustrated in Figure 1 , the distributions of both CH 2 NH and CH 3 NH 2 are not confined to Sgr B2(N), but are extended across a large fraction of the Sgr B2 cloud complex. Hence, it is logical to assume that the source fills the telescope beam in both cases.
The resulting plots are given in Figures 6 and 7. For CH 2 NH, the analysis yields a rotational temperature of T rot = 44 ± 13 K, with a column density of N tot = (9.1 ± 4.4) × 10 14 cm −2 (see Figure 6 ). For CH 3 NH 2 , a rotational temperature of T rot = 159 ± 30 K and a column density of N tot = (5.0 ± 0.9) × 10 15 cm −2
were derived. As shown in the figures, the CH 3 NH 2 data produced much more point-to-point scatter at lower energies than the CH 2 NH data, perhaps due to the lower signal-tonoise ratio for some of the weaker transitions and possible low-level contamination. The data for the CH 2 NH rotational diagram are quite consistent with low residuals about the fit. Given a molecular hydrogen column density of 3 × 10 24 cm −2 (Nummelin et al. 2000) , the fractional abundances of CH 2 NH and CH 3 NH 2 are ∼3.0 × 10 −10 and ∼1.7 × 10 −9 , respectively. Temperature scales are T R * and T A * , respectively. Quantum numbers and rest frequencies are shown for each spectrum. The transitions are indicated by arrows and appear near an LSR velocity of 62 km s −1 . The spectral resolution is 1 MHz or 2.2-1.1 km s −1 over the range 133.7-266.3 GHz. The J Ka,Kc = 1 11 ← 0 00 transition near 225.5 GHz is observed in absorption, while the other features appear in emission. Nummelin et al. (2000) published abundances for CH 2 NH and CH 3 NH 2 of ∼1 × 10 −8 and ∼3 × 10 −7 for Sgr B2(N), about 2 orders of magnitude higher than our values. This discrepancy arises from the small source sizes assumed for these two molecules by these authors, who used beam-filling factors of 0.014 for CH 2 NH and 0.0022 for CH 3 NH 2 at the N position. In contrast, these authors assumed a filling factor of 1 at the M position (Nummelin et al. 2000) ; they also did a calculation for CH 3 NH 2 in Sgr B2(N) with a uniform filling factor. In these two cases, they derived abundances of ∼1.4 × 10 −10 and ∼2.6 × 10 −9 for CH 2 NH in Sgr B2(M) and CH 3 NH 2 in Sgr B2(N), with rotational temperatures of 44 and 148 K, respectively, in very good agreement with the values determined here.
Implications for Interstellar Chemistry
The absorption and emission features observed for CH 2 NH suggest that this species exists in both cold, foreground gas and a warmer, background cloud. The lack of absorption features in the lowest energy transitions of the CH 3 NH 2 data and its higher rotational temperature indicate that this compound is not significantly present in such cold, foreground material. The levels are separated into K a ladders to display the a-and c-type rotational transitions in this molecule. All symmetry components appear as a single energy level on the diagram because the typical separation is only 1 K or less. The K a = 1 components at higher J, however, separate into the A 1 , B 1 , E 1+1 , and E 2+1 states (higher-lying levels) and the A 2 , B 2 , E 1−1 , and E 2-1 levels (lower-lying levels), with a typical energy difference of 3.3 K. Each level is labeled by the quantum numbers J Ka .
Note that both molecules have similar dipole moments. This dissimilar distribution and the large difference in the rotational temperatures between CH 2 NH and CH 3 NH 2 (44 versus 159 K) suggest that these molecules do not exist in the same gas in Sgr B2(N). Therefore, it would seem unlikely that CH 2 NH is the synthetic precursor of CH 3 NH 2 in Sgr B2, as described in Equation (1).
A grain-surface route to CH 3 NH 2 was suggested by Garrod et al. (2008) :
However, their gas-grain model for molecular clouds predicts a gas-phase abundance of CH 3 NH 2 , with respect to H 2 , of (2-8) × 10 −7 , about 2 orders of magnitude higher than that found here. Hence, these grain reactions leading to CH 3 NH 2 cannot be significant.
In the HCN hydrogenation route postulated to form CH 3 NH 2 by Theulé et al. (2011) , CH 2 NH could not be identified as an intermediate. These authors concluded that the hydrogenation steps from CH 2 NH to CH 3 NH 2 had high cross-sections and fast rate constants. This result suggests that CH 2 NH is a trace intermediate in this process. Hence, if CH 3 NH 2 is produced on grains from the hydrogenation of HCN, then the CH 2 NH created in this scheme would be highly underabundant and would not likely have a discernible gas-phase component. Turner et al. temperature found in the Sgr B2(N) core could also help overcome any small barrier to this process. Both CH 3 NH 2 and glycine (NH 2 CH 2 COOH) have been detected in meteorites, suggesting a possible synthetic connection. CH 3 NH 2 has been found to be relatively abundant in Murchison (Pizzarello et al. 1994) , while NH 2 CH 2 COOH has been identified in multiple meteorites (e.g., Ehrenfreund et al. 2001 
CONCLUSION
Methanimine and methyl amine have been investigated toward the giant molecular cloud Sgr B2(N). The distribution of both species appears to be extended across the Sgr B2 complex from the OH to N positions and not exclusively confined to the hot cores. CH 2 NH is present in cold, foreground gas near Sgr B2(N), as well, where CH 3 NH 2 is not found. An analysis of the data demonstrates that these two molecules are quite prevalent in this source, but not as abundant as previously reported. Furthermore, CH 3 NH 2 was found to have a much higher rotational temperature than CH 2 NH and clearly exists in warmer gas. These results suggest that these molecules are not directly connected synthetically, in contrast to the predictions of grain models. Surface chemistry calculations also fail to predict the abundances of CH 2 NH and CH 3 NH 2 within several orders of magnitude. Given the results of this study, there is sparse evidence that these two species are produced from HCN via surface hydrogenation reactions. Both CH 2 NH and CH 3 NH 2 are more likely a result of gas-phase neutral-neutral chemistry. Observations of these species in other molecular clouds would be helpful in providing additional insight into their formation mechanisms.
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